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TECHNICAL NOTE 2912 


IHE NORMAL COMPONENT OF THE INDUCED VELOCITY IN 
IHE VICINITY OF A LIFTING ROTOR AND SOME 
EXAMPLES OF ITS APPLICATION 


By Walter Castles, Jr. and Jacob Henri De Leeuw 
SUMMARY 


This paper presents а practical method for computing the approximate 
values of the normal component of the induced velocity at points in the 
flow field of a lifting rotor. Tables and graphs of the relative magni- 
tudes of the normal component of the induced velocity are given for 
selected points in the longitudinal plane of symmetry of the rotor and 
on the lateral rotor axis. 


A method is also presented for utilizing the tables and graphs to 
determine the interference induced velocities arising from the second 
rotor of a tandem- or side-by-side-rotor helicopter and the induced flow 
angle at a horizontal tail plane. 


INTRODUCTION 


This work, conducted at the Georgia Institute of Technology State 
Engineering Experiment Station under the sponsorship and with the finan- 
cial assistance of the National Advisory Committee for Aeronautics, was 
undertaken in an attempt to obtain a better understanding of the induced 
Plow in the vicinity of a Lifting rotor. 


Previous investigations, such as those of references 1 and 2, demon- 
strated that the solution of the integral for the normal component of the 
induced velocity at the center of the rotor could be obtained in an ele- 
mentary form provided certain approximations were made as to the distri- 
bution of vorticity in the маке. However, the value of the integral for 
the induced-velocity component at an arbitrary point in the rotor flow 
Field cannot, in general, be expressed in terms of elementary functions. 
Its numerical evaluation for a specific case presents considerable 
difficulty. 


De Leeuw, in reference 3, investigated the feasibility of calcu- 
lating the induced velocity at arbitrary points in the vicinity of the 
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rotor by an alternative method which consisted of (1) numerically inte- 
grating the increments induced by the vortex ring wake elements within 

а given distance of the point and (2) summing up the effect of the 
remainder of the wake by an approximate integral. This approach is quite 
general in that it can be applied to any wake which can be approximated 
by an assembly of vortex rings. It was found that the method afforded 
satisfactory accuracy with the expenditure of a reasonable amount of 
effort, since the values of the normal induced-velocity component for 
the isolated rings may be precomputed and tabulated for repeated use. 


The scope of the present paper is limited principally to a consid- 
eration of the values of the normal component of the induced velocity 
at points in the longitudinal plane of symmetry and within the region 
likely to be occupied by the second rotor of a tandem-rotor helicopter. 
In addition, the values of the normal component of the induced velocity 
were calculated for points on the lateral axis of the tip-path plane 
over the distance of interest for the case of a helicopter with laterally 
disposed rotors. 


In view of the present lack of experimental evidence as to the 
actual wake distribution of vorticity, the calculations for the present 
paper were based on the same assumptions for the wake shape as those 
found in references 1 and 2. These assumptions were that the wake vortex 
distribution consists of a straight elliptic cylinder formed by a uni- 
form, continuous distribution of vortex rings of infinitesimal strength, 
lying in planes parallel to the tip-path plane and extending downstream 


to infinity. 


ao 


SYMBOLS 


constant term in Fourier series for blade flapping angle В 


coefficient of cosine term of Fourier series for blade 
flapping angle 8 where 


B = 80 - a, cos V - b, sin | жуз 
coefficient of sine component of flapping angle 


thrust coefficient, T/prg?R" 


drag of fuselage 
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X,Y,Z 


nondimensional shortest distance from a point P to a 


vortex ring, γαρ + (x - 1): (fig. 1) 


nondimensional largest distance from & point P to & vortex 


ring, γαρ + (x +1)" (fig. 1) 


complete elliptic integral of first kind 
complete elliptic integral of second kind 
radius of vortex ring; also radius of rotor 


radial distance of a point P from axis of a vortex ring 
(fig. 1) 


nondimensional radius vector in rotor XY-plane 
rotor thrust 
velocity of helicopter along flight path 


normal component of velocity induced at a point P by 
whole wake 


increment of normal component of velocity induced at a 
point P by that portion of wake which is beyond the 
range of table 1 

normal component of induced velocity at center of rotor 


radial component of velocity induced at a point P by & 
vortex ring 


axial component of velocity induced at a point P by a 
vortex ring 


gross weight of helicopter 


slope of longitudinal variation of nondimensional induced 


velocity in plane of rotor 
rotor axes (fig. 2) 


nondimensional radial distance of a point P from axis of 
& vortex ring, Rp/R (fig. 1) 


t t 
х',у',2 


os + d κ 


Г 
À = (V sin а - v)/QR 
^ 
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nondimensional coordinates of a point P with respect to 
rotor axes (fig. 3) 


Slope of lateral variation of nondimensional induced 
veloeity in plane of rotor | 


distance of & point P from plane of & vortex ring 


nondimensional distance of a point-P from plane of & 
vortex ring, positive in direction of v,, Zp/R 


(fig. 1) 
angle of attack of plane of zero feathering 


induced angle of attack 
fuselage angle of attack 


angle of attack of tip-path plane 


angle between radius vector from center of rotor to a 
point P lying in XZ-plane and positive X-axis, positive 
above rotor (fig. 2) 


vortex strength = 


= (V sin ay - v)/oR 


u = V cos α/ΩΒ 


Hy = V cos on, /OR 


р 


_ dg - dy 


^ de + dy 
Do. 


X 


density of air 


angle between flight path and horizontal, positive below 
horizont&l 


angle between axis of the wake amd normal to tip-path 
plane (fig. 2) 
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ү azimuth angle measured in XY-plane between radius vector 
to & point and positive X-axis, positive in going from 
positive X-axis to positive Y-axis 

Q angular velocity of rotor, radians/sec 

Subscripts: 

B values of back rotor of two rotors in tandem 

F values of front rotor of two rotors in tandem 

v v&lues taken with respect to virtual &xis of rotation or 


to tip-path plane 


ANALYSIS 


Velocity Induced by & Vortex Ring 


It is shown in reference } (ch. VII, sec. 161, p. 237) that the 
stream function at a point P (fig. 1) in the flow field of a vortex ring 


of strength Г and radius R may be expressed ав 


y=- IR (ay + ag) | Κίτ) ы R(T) (1) 


where R is the radius of the vortex ring, d4R апа d R are the least 
and greatest distances of the point P to the vortex ring, 


do = а 
т = 21 (2) 
do + dy 


and К(т) and Е(т) are the complete elliptic integrals of the first 
and second kinds, respectively. 


The flow field of a vortex ring is axially symmetric and thus the 
axial and radial velocity components v, and v, at а point P, having 
ап axial distance Zp from the plane of the vortex ring and a radial 
distance Rp from the axis of symmetry, are given by 


zou ae: |, ae 
V; Ro GR (3) 


It is shown in reference 3 that equations (3) and (h) may be 


expressed ав 


where 


v = 


2, 


Vr 


B! 


Y 


r= 


D 
2xxR 


44. 
Rp 


атар 
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3 


(AB + CDF) 


= = (ΑΒ! + cor’) 
οπχἩ 


(1 + x)a4? + (i - κ)ᾶρξ 


(2) 


(5) 


(6) 


(7) 


(8) 


(9) 


(10) 


(11) 


(12) 


(13) 
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8, = γαρ + (x - 1)“ (13) 
d = γα + (x 1)? (15) 


and 


x  nondimensional radial distance of P from axis of vortex ring, Rp/R 


2 nondimensional distance of P from plane of vortex ring, taken posi- 
tive in direction of v, on ring axis, Zp/R 


The values of v, and v, given by equations (5) and (6) become 


indeterminate for points on the vortex-ring axis where x = О. In this 
case it follows from the symmetry of the flow that the radial component 
of induced velocity is zero, and the &xial component of induced velocity 
is shown in reference 5 to be 


(уз) x=0 = = БЕРСЕ (16) 


Numerical values of v R/T, which is a nondimensional factor 
expressing the normal component of the induced velocity v, in the 


vicinity of a vortex ring, are given in table I. The table includes a 
range of nondimensional axial distances of -h.2 < z © 4.2 and of nondi- 


mensional radial distances of O < x < 5.0. Тһе increments of z at 
which the values of v,R[T are given are suitable for numerical inte- 


gration by Simpson's rule. The tabulated values were obtained by calcu- 
lation or by interpolation as indicated in the table. With the exception 
of those points which are close to the circumference of the vortex ring, 
the calculated values are accurate to four places. 


Normal Component of Induced Velocity 


in Vicinity of a Lifting Rotor 


το is assumed in this report, as in references 1 and 2, that the 
rotor wake vortex distribution consists of a straight elliptic cylinder 
formed by a uniform distribution of an infinite number of vortex rings 
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of infinitesimal strength, lying in planes parallel to the tip-psth plane 
and extending downstream to infinity. The above-described vortex distri- 
bution is equivalent to & vortex sheet of uniform finite strength per 
unit length ar/dZ measured in the Z-direction. This sheet forms a 
straight elliptic cylinder coinciding with the boundary of the wake. 


Within the limitations of the initial assumptions, it may be shown 
from the results of references l and 2 that 


ORC QRC 
ЖЕЕ 7 


where the subscript v denotes values with respect to tip-path-plane 
coordinates. 


The increment of the normal component of velocity at a point P in 
the vicinity of the rotor, induced by the w&ke vortex rings within the 
distance from P covered by table I, may thus be found by graphical or 
numerical integration. This increment constitutes about 95 percent of 
the total value of the normal component at the center of the rotor and 
& large part of the total value for most points within the region con- 
sidered in this paper. | 


\ The contribution of the vortex rings beyond the range of table І 
to the induced velocity at P may thus be summed, with small error in the 
final result, by an approximate expression which is integrable. 


The value of the velocity potential AÉ, at P due to a closed 


vortex element of strength Г is shown in reference Аһ (ch. VII, sec. 150, 
p. 212) to be 


Abp = lo (18) 


where w is the solid angle subtended at P by the closed vortex element. 


It is a good approximation for those wake vortex rings at distances 
from P beyond the range of table I that the subtended solid angle at P 
1s equal to three times that volume cut off the cone, determined by P 
and the ring, by & plane which is parallel to the plane of the ring and 
which is located a unit distance from P. It follows thet 


2T 
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M yo zx^R dz 1 
App ἘΠΕ (19) 


Consequently, the increment to the normal component of velocity induced 
at P by that portion of the wake extending from the limit of table I, 
at z = Z 3 to 2 = о may be obtained from the integral 


AV, = = Sp 3 Р 22. асса (20) 


It is shown in reference 3 that equation (20) may be integrated to 
obtain the value of AV, at a point P having coordinates x', y', 


and z' from the center of the rotor and that the result is 


2 
205. + b 2 b^ = 2a&ac]z., + ар 
an = (66 2 ΕΟΝ ) z2 


2 42 
q аук eq сакЗ/2 
(21) 
where 
а = (xt: - zt tan X)? + (y')? (22) 
b = -2x' tan X (23) 
c = 1 + tan?X (24) 
E 2 
q = hac - b (25) 
ο 2 
K = а + bz, + CZ, (26) 
and 


Zo = Z, - 2! (2T) 
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For the point Р(0,0,0) the value of AV; given by equation (21) 


becomes indeterminate. it is possible, however, to substitute the zero 
coordinates in the equation before integrating. Doing so yields 


(ду; 0,0,0 — 54,8 az «ον κο cos?x - 1) (28) 


The normal component of the induced velocity at any point P(x',y',z') 
may thus be found in terms of ar/az by adding the increment obt&ined 
from the numerical integration of the values induced by the wake vortex 
rings within the range covered by table I to AV,, obtained from equs- 


tion (21) or (28). 


In the present analysis where the rotor wake vortex distribution is 
арргохїша ед by & straight elliptic cylinder there arises the question 
as to whether the wake angle should be taken ав that at the rotor or that 
in the ultimate wake. As the induced velocity distributions in the 
vicinity of the rotor are more sensitive to changes in position of the 
adjacent vortex elements than to changes in position of the vortex ele- 
ments at the greater distances, the wake angle at the rotor will be used 
in the present analysis. 


It follows from figure 2 that, for x < 90°, or 
Ày = À cos ау + u sina, < 0, 


P EE EN I 
С X = si) - δρα GE) ж B4 2» (29) 


JM m 


and, for X > 909, ог Xy, = X сов & + р Sin a, > 0, 


X = dies - eot (5) - 81 (30) 


In the above equations a, is the coefficient of the cosine term of the 
Fourier series for the blade flapping angle 


В =a, - a, сов Y - Ъ sin y -... 


1 1 


where B is measured from the plane of zero feathering. 


i 
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For X = 909, equation (21) is μη However, by replacing 
ar/dz in equation (20) by its equivalent (аг) tan X after performing 


the indicated differentiation with respect to z, it can be shown that 
for this wake angle 


where the integral now covers the region from x = xy to х= © and 


Жаш: 


RESULTS 


"n 


The results are presented in the form of tables and graphs of the 
ratio of the normal component of the induced velocity V4 at any point 


P (Bp, X/R ог Bp; Y/R), as in figure 2, to the normal component of the 


induced velocity v at the center of the rotor. It is shown in 
reference 2 that 


1 l | 
> IRC >= ORC, (32) 


Ф ———— n... f — nF É —À > > 
6-2 а + Hy! (i - и X^ unt 


Consequently, the value of V; at P may be easily computed from the 
values of V fv in the tables amd graphs. 


Table II gives the values of Vy/v for -3.2 £ Х/Б © 3.2 and 
tan В = -1/2, -1/8, O, 1/4, and 1/2. Table III gives the values of 
V,/v along the lateral axis of the tip-path plene. Figures h(a) to (i) 
show the lines of constant values of ΤΑΙ in the longitudinal plane of 
symmetry for wake angles having tangents of О, 1/4, 1/2, 1, 2, 4, e, -h, 
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and -2. Figures 5 and 6 show the variation of V/v with X for points 
on the longitudinal and lateral axes of the tip-path plane. 


APPLICATION OF RESULTS 
Determination of Mean Value of Normal Component of 
Induced Velocity Over Front and Back Rotors 


of a Tandem-Rotor Helicopter 


Making the approximation that the mean values of the induced velocity: 
are the values at the centers of the respective rotors, and being given 
the flight-path velocity, climb angle, gross weight, fuselage drag, 
fuselage angle of attack, thrust and tip speed of the front and rear 
rotors, and the geometry of the helicopter, the mean values of the 
induced velocities may be found as follows: 


The angles of attack a, of the tip-path planes of the front and 
rear rotors are very nearly 


_ De сов ñ. 
αν = f. EIE (33) 


where х, 


f, angle between flight path and horizontal, positive below horizontal 
De drag of fuselage 


W gross weight 25 2 ы 


Denote: values of the parameters of the front rotor by the subscript Е 
and of the back rotor by the subscript 8. Then 


T EA 
ер = (%), COB Gy (34) 


АГ = (е), сов о, (35) 
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Ав a first approximation, the interference induced velocity at the front 
rotor due to the thrust of the back rotor may be neglected. Then 


Хүр = fl sin ay - (ону, (36) 


where the value of vg is given by equation (32) or, for By > 0.15, 


= С 
40-17 


The value of Хр may then be obtained from equation (29) ог (30). When 
X, ©, αρ Ур, and the geometry of the helicopter are known, the 


яз 


(37) 


sli 


position of the center of the rear rotor with respect to the front rotor 
can be determined. Then the nondimensional velocity Vi /v induced ах 


the center of the rear rotor, because of the thrust of the front rotor, 
may be obtained by interpolation from one of figures (а) to h(i) for 
the appropriate value of Хр. The approximate value of VB otal is then 


о: as: Т (V: /v) ур + Vp (38) 


where үр can be obtained from equation (32) or (37). The approximate 


values of Ma? Xp, and, thus, the interference induced velocity &t the 


front rotor may be found to evaluate Түнек 17 Іп general, ít will be 
a, 


necessary to iterate v tal for an accurate result, because of the 
ο 


rapid variation of the interference induced velocity &t the rear rotor 
with change in the wake angle of the front rotor and with position of 
the rear rotor with respect to the tip-path plane of the front rotor. 


For a tandem-rotor helicopter, having approximately equally loaded 
rotors of equal size spaced approximately l rotor diameter apart with 
small vertical offset and operating in the high-speed flight range, it 
is seen from figures (f) and L(g) that 
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“р O.47¢ 
total y (Cm (39) 


and " 
VB 1.25C 
total y T _ (40) 
ӨВ ТЕ 0 - 2 "d 


Determinstion of Longitudinal Variation of Normal 
Component of Induced Velocity Over Front and 


Back Rotors of a Tandem-Rotor Helicopter 


If the normal component V, of the induced velocity at P(r,V) on 
the rotor disk is approximated by the expression 


V 
= = Е at yr sin V + wr cos Y (41) 


it may be shown from the results given in reference 2 that, for a single 


rotor, 
"EE | Хү š | Хү ° ν 


The increments in w arising from the second rotor.of a tandem-rotor 
helicopter, to be added to the values given by equation (42) for the 
front and rear rotors, may be obtained in the general case from the 
v&lues of V4/v from the figures at г = 0.75 and VW 0 and x on 


the respective rotors. Thus, 


ЕЕЕ өз 
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For high-speed flight and small overlaps between the rotor disks 


1 "B 
F 6 QR ) 
and, with less accuracy, 
1 “Е 
Аия» ο = — 45 
B 7 QR (45) 


Determination of Induced Flow Angle 


at a Horizontal Tail Plane 


When the values of «сү, V/QR, X, and αρ for the rotor or rotors 


in question have been determined and when the helicopter flight condi- 
tion under consideration is known, the geometric position, and thus the 
values of Z/R and X/R, of the horizontal tail plane may be calculated 
and the value or values of Vi/v, found from the figures. Then the 


induced angle Gail at the tail plane is approximately 


(46) 


CONCLUDING DISCUSSION 


The assumption that the planes of the wake vortex rings remain 
parallel to the tip-path plane is the only one of the various initial 
assumptions as to the wake distribution of vorticity which appears Likely 
to affect the engineering accuracy of these results at the higher flight 
speeds. It is the opinion of the senior author that the present investi- 
gation and that of reference 1 indicate that the planes of the wake vor- 
tex rings must be tilted to the rear as they leave the rotor, possibly 
approaching a tilt angle in the ultimate wake of half the wake angle X. 
The quantitative effects of such a tilting of the wake vortex rings may 
not be large, as the increments of the radial components of the induced 
velocity introduced because of the tilt of the wake vortex rings will 
tend to compensate for the decrease in the normal component. 
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For the lower-speed flight conditions the initial assumptions as to 
the wake distribution of vorticity are compatible only with the assump- 
tion that the generating rotor is lightly loaded and has blades with 


constant circulation along the radii. С : therefore be exer- 
cised in applying the results of this analysis to points on 55е to^ 
the disk of а specific rotor which Τε opérating nt the lower flight-path | 


velocities. 
At the center of the rotor, where the values of the induced velocity 
calculated by the method presented in this report could be compared with 
the values obtained from the exact integral, the error was in every case 
less than 1 percent. However, for those points. in the flow field that 
lie close to the wake vortex sheet, there are irregularities in the 
tabulated values of Va/v caused by difficulties with the interpolations 


in the table of the values of the normal component of the induced velocity 
for the vortex rings. 


It should be noted that the present analysis neglects the effects 
of the lateral dissymmetry of the blade-bound vortices and the consequent 
lateral dissymmetry of the wake vortex elements which occur in forward 
flight. Numerical calculations show that the effects of these lateral 
dissymmetries on the induced velocity distributions are small аб points 
of interest outside the boundaries of the rotor_disk or wake but should 
be taken into account in computing the longitudinal and lateral distribu- 
tions across the rotor disk. The first-order effects of the lateral 
variation in the strength of the blade-bound vortices are accounted for 
by equation (42) and the first-order effects of the lateral variation 
in the strength of the wake vortices may be taken into account by use of 
a value of 


in equation (41). 


In order to construct figures 4 to 6 it was necessary to compute a 
large number of values of V,/v in addition to those listed in table II. 


However, as these additional points were at scattered locations, and 
consequently of little use for any other purpose, they have been omitted 
from this report. 2 
Since the wake angles of the rotors of helicopters operating in the 
upper half of their speed range fall in & narrow band between 809 and 859, 
it would be useful to have the induced velocity distribution for a wake 
angle of, say, 829. However, investigation showed that in order to 
obtain sufficiently accurate values for this wake angle it would first 


oT 
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be necessary to compute a large number of additional values of the 
induced velocity of the vortex ring for the region within two-tenths of 
a ring radius from the periphery of the ring. The computations for the 
82° wake angle were therefore too lengthy for the results to be included 
in the present report. 


It appears from the results of this investigation that the inter- 
ference induced velocity at the rear rotor of a tandem-rotor helicopter 
in high-speed Plight, due to the thrust of the front rotor, is of the 
same order of magnitude and of the same sign as the self-induced velocity. 
Consequently, the interference induced velocity should be taken into 
account in longitudinal stability. calculations and in computing the 
equilibrium values of the mean blade angle and torque coefficients. The 
interference induced velocity at the front rotor of a tandem-rotor heli- 
copter in high-speed flight is of the order of T percent of the self-  .: 
induced velocity and is opposite in sign. -i 


The longitudinal gradient of the interference induced velocities 
at both rotors of a tandem-rotor helicopter in high-speed flight is of 
opposite sign to the longitudinal gradients of the self-induced veloc- 
ities, and, consequently, will have the effect of reducing the required 
equilibrium values of |, the coefficient of the sine component of the 


flapping angle. 


For side-by-side-rotor helicopters in high-speed flight the mean 
values of the interference induced velocities &re of the order of 15 per- 
cent of the self-induced velocities and are opposite in sign. The lat- 
eral gradients of the mutual interference induced velocities are large 
for the adjacent portions of the rotors. These large gradients may 
cause early tip stall if the rotor rotation is such that the retreating 
blades are in this adjacent rotor position. 


The normal component of the induced velocity inside the wake of & 
helicopter rotor in high-speed flight appears to reach its maximum and 
final value of about twice the value at the center of the rotor st a 
distance of about 1 rotor radius downstream from the center of the rotor. 
For hovering &nd the lower forvard speeds the induced velocity inside 
the wake reaches its final value of about twice that at the center of 
the rotor at a distance of about 2 rotor radii downstream. 


Georgia Institute of Technology 
Atlanta, Ga., August 11, 1952 
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BONDIMENSTOMAL YALURS OF NORMAL COMPONENT 
ОР INDUCED VELOCITY IN VICINITY ОҒ A VORPEX RING 


ы | 


v,R/r 


x=0. | x=0.5 | x 0.6 | x = 0.7 
2 1 


Regt gh ЕЛЫ NE E 
бо Ἐ- OV IP Ne © Co D In h > 
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να r e αν a ae a an 


PEO буш O o Or o P: 
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“Valuea obtained by calculation. 
byglues obtained by interpolation. 
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"Values obtained by calculation. 
byalues obtained by interpolation. 


TABLE I.- Coneluded 


NONDIMENSIONAL VALURS OF NORMAL COMPONENT 


-- 


OF INDUCED VELOCITY IN VICINITY OF А VORTEX RING - Concluded 


x = 2.8 x = 2.9 x = x = 3.1 x = 3.2 x = 3.4 x = 3.5 x = 3. x = 3.7 x = 3. 
[sese егш зар n [un [ui | un sess 


x = hig x = 1.3 x = h.) : : 
(b) (b) (Ὁ) (b) (ъ) 


92. 


2162 NL VOVN 
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TABLE II 


NONDIMENSIONAL VALUES OF NORMAL COMPONENT OF INDUCED VELOCITY IN LONGITUDINAL 


PLANE OF SYMMETRY OF A LIFTING ROTOR FOR X 5909 


[rer flight conditions for which X > 909 and a developed wake 


exists, v&lues of V v for (x X/R, Bp) are the same 


as those for (1809 - X, X/R, -89| 


Vi/v for values of tan Bp of - 


580858865 
OOOOO PHHP 


1 
1 
L 
1. 
2. 
3. 


X/R 


xo os Io I 
X = 13.040 (tan X = 1/1) 


Syalue of V fv changes 2.000 units in passing through boundary of wake. Values 
are axially symmetric about rotor axis and antisymmetric about tip-path plane; values 


about which they are antisymmetric are 1.000 for X/R «1 and О for X/R » 1. SA 
Dyalue of V /v changes 1.940 units in passing through boundary of wake. “NACA 
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TABLE II.- Continued 


NONDIMENSIONAL VALUES OF NORMAL COMPONENT OP INDUCED VELOCITY IN LONGITUDINAL 
PLANE OF SYMMETRY OF A LIFTING ROTOR FOR X $ 909 - Continued 


V/v for values of tan Bp of - 


[3 | s T s 1 3 I x 


X/R 


X = 26.569 (tan X = 1/2) 
(ο) | 
| ‚Ош 06 06 


» [ s o БЕГЕН 


X = 15.005 (tan X = 1) 
(4) 
| : : = 


Viv for values of tan Bp of - 


[ox ox [ + | «= [ z 


X = 63.130 (tan X = 2) 


Cyalue of Va/v changes 1.789 units in passing through boundary of wake. 
ἄγαλμα of Vy /v changes 1.41) units in passing through boundary of wake. 
*yalue of Viv changes O.89h units in passing through boundary of wake. 
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TABLE II.- Concluded 


NONDIMENSIONAL VALUES OF NORMAL COMPONENT OF INDUCED VELOCITY IN LONGITUDINAL 


PLANE OF SYMMETRY OF A LIFTING ROTOR FOR x © 90° - Concluded 


to rro toO το [’ I2 


fvalue of V ήν changes 0.485 units in passing through boundary of wake. 


SValues of Үз/х are symmetric about tip-path plane; for Bp = О they 
are antisymmetric about the value lat X = О. Values for Bp = О obtained 


by extrapolation. 
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TABLE IIT 


NONDIMENSIONAL VALUES OF NORMAL COMPONENT OF 


INDUCED VELOCITY ON LATERAL AXIS OF A LIFTING ROTOR 


Vi/v for values of tan X of - 
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Figure 1.- Coordinates for vortex ring and table I. 
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Figure 3.- Nondimensional rotor coordinstes. 
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Figure 4.- Lines of constent values of isoinduced velocity ratio Y, [+ : / 
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(5) x= 14.040 = tan7 1/%. 


..- Continued . 


Figure ἡ 
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Figure À.- Continued. 


(e) х= 26.569 = tan"l 1/2. 
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Figure 1.- Continued. 
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Figure h.- Contimed. 


(e) x = 63.43° = tan"! 2. 
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(£) x = 75.97° = tena А. 
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Figure 4.- Continued. 
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Figure Àh.. Continued. 


(g) x = 90.000 = tanl ~. 
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(h) X = 104.039 = tan" -4. 
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Figure 4.- Continued. 
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(1) X = 116.519 = tan -2. 
Figure 4.- Concluded 
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Figure 5.- Induced velocity distributions along X-axis. 
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Figure 6.- Induced velocity distributions along Y-axis. 
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